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Abstract Two kinds of molecular sieve materials, TC-5A and PSA-5A, were produced to satisfy

with special requirement of manned space flight. Their CO2 adsorption performances were investi-

gated and compared through two experiments, the thermo gravimetric analysis (TGA) experiment

and packed bed column experiment. Besides, some kinetic equations were compared according to

the TGA experimental data, and their errors were analyzed. Finally, the classic linear driving force

(LDF) model is improved to the new Avrami’s model, and two models are analyzed based on the

packed bed data. The TGA data shows that the CO2 loading has an approximately linear relation-

ship with the CO2 concentration, and the best fit adsorption temperature range is from 283 to

303 K. The packed bed column results show that water vapor in air can affect the CO2 adsorption

performance badly. The new Avrami’s model is proved more suitable to reflect the complex adsorp-

tion mechanism for two molecular sieves. The materials are proved having much better adsorption

capacity than the other adsorbents with room temperature and low CO2 concentration (61.0% in

volume), and they can meet the aerospace requirements. This work will benefit the optimal design

and simulation of the air revitalization (AR) system for Chinese manned spacecraft.
� 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

CO2 adsorption and separation technology, such as the

solution absorption, membrane separation technique,
cryogenic techniques and adsorption over solid sorbents,1,2

have been explored and widely employed in industrial field.

Some mature technologies are even applied to the manned
spacecraft, like the Apollo, Skylab and International Space
Station (ISS).
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Fig. 1 Two molecular sieve materials.

Table 1 Physical parameters of molecular sieves.

Parameter TC-5A PSA-5A

Porosity eb (%) 0.500 0.454

Density qp (kg/m3) 1223 1223

Specific surface area As (m
2/g) 552 647

Mean diameter Dp (mm) 2.00 0.75

Pore volume V (10�6 m3/g) 0.27 0.40
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Short-duration manned spacecraft, such as Mercury,
Apollo and Space Shuttle of America, ‘‘Shenzhou” series of
China, generally adopts hydroxide adsorbent in non-

regenerative way.3 But a regenerative environmental control
system (ECS) needs to be developed in order to keep cabin’s
atmospheric quality control for its complex long-term space

exploration missions.4,5 At present, the integrated air revital-
ization (AR) subsystem has low adsorption efficiency in regen-
erative process,6 and the high-efficiency adsorbent needs to be

developed for the closed-loop AR subsystem to satisfy the
requirement of long-duration manned spacecraft.5,7–9 As the
adsorption performance of adsorbents determines the system’s
character, such as volume, mass, cost of power, cycle duration,

service life and the possible pollution,3,6,10,11 the adsorption
performance of adsorbent should be investigated in great
detail.

In the past few years, various adsorbents have been devel-
oped and applied in separation processes in industry. The
materials include Zeolite 3A and 4A, carbon molecular sieves

(CMS), natural clinoptilolite membrane, molecular basket
sorbent (MBS), hollow polymeric fibers, oxide octahedral
molecular sieve (OMS-2) catalysts, etc.12–19 Some of them even

considered the influencing factors, such as initial concentra-
tions, temperatures, and particle sizes. According to the four
consecutive elementary steps of adsorption process mecha-
nism, different equations for particles and the fixed bed have

been proposed, including the Pseudo-first order equation,
Elovich’s equation, Pseudo-second order rate equation,
Avrami’s kinetic equation and Fractional order kinetic equa-

tion.20–28 Besides, the mass transfer mechanism in a fixed
bed column can be described by modeling and simulation so
as to predict the adsorbent performance under any condi-

tion.1,6,29–34

In this paper, two molecular sieves materials, TC-5A and
PSA-5A, are investigated regarding their adsorption perfor-

mance for the future manned space application in China. The
CO2 adsorption performance experiments for particles were
tested by the TGA experiment, and the best fit kinetic equation
is proposed based on the experimental results. In addition, the

influences of some factors, such as initial concentration, tem-
perature and relative humidity (RH), on the CO2 adsorption
are also studied in the packed column experiments. Finally,

the improved mathematical model for two adsorption materials
in the fixed bed is established by using an Avrami’s equation.
2. TC-5A and PSA-5A molecular sieve for manned spacecraft

The CO2 adsorption performance of molecular sieve determi-
nes the efficiency of AR subsystem,6 hence the development

of materials is one of the critical factors for the manned tech-
nologies. For this purpose, two kinds of molecular sieves prod-
ucts, PSA-5A and TC-5A, were made for the future manned
space application in China. The producing process has been

adjusted a lot to come up with the requirement of the manned
environment. Fig. 1 shows the formation images of TC-5A and
PSA-5A, two molecular sieves used basically identical raw

materials, but shaped different average particle sizes. The
physical parameters are shown in Table 1.

The standard tests show that their rigidity, thermal stability

and mean diameter can satisfy special requirements of AR sub-
system. Their thermal vacuum desorption and revitalization in
packed bed column are easy to carry out under the condition
of 423–573 K and low pressure vacuum (<100 Pa).

3. TGA experiments and adsorption kinetic equations

In order to investigate the CO2 adsorption performance of two

molecular sieves and to build the corresponding kinetic
equations, the TGA experiments were carried out at different
concentration and temperature conditions.

The CO2 adsorption of molecular sieve is a physical
process and its equilibrium adsorption capacity is greatly
influenced by the adsorption temperature and the CO2

concentration. In the following experiments, the isothermal
adsorption process would be used to obtain the CO2 adsorp-
tion performance. In the experiments, the temperature range
was 293–323 K and the CO2 concentration was less than

1.0% in volume.

3.1. Experiments setup and procedure

Schematic diagram and apparatus photo of TGA experiment
are shown in Figs. 2 and 3, respectively. The experimental
design steps are as follows:



Fig. 2 Schematic diagram of TGA experiment.

Fig. 3 Apparatuses photo of TGA experiment.

Fig. 4 Adsorption curves of two materials with different

concentrations at 298 K.
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(1) Adsorption temperature of TC-5A and PSA-5A, TTC-5A

and TPSA-5A, maintaining at 298 K or 323 K.

(2) The volumetric flow rate of feed air is 100 mL/min. The
feed air is produced by mixing pure N2 and CO2 at a cer-
tain volume ratio. In our experiments, the CO2 volume

concentration of feed air, CCO2
, is maintained at 0.5%,

0.7% and 1.0% separately, by the mass flow-meters.
(3) The CO2 concentration in feed air is monitored by infra-

red red analyzer (IRA).
(4) A drying tube with silicone 13X is added to the N2 pipe-

line to remove water vapor in advance.

(5) All desorption temperatures keep at 533 K with pure N2

as protective gas at 100 mL/min flow rate.

The experimental apparatus are shown in Table 2.
Table 2 Experimental apparatus.

No. Apparatus Accuracy

1 TGA ±0.1 (lg)
2 Low-temperature thermostat bath ±0.01 (K)

3 Infrared gas analyzer ±0.01 (%

4 Mass flow controller ±0.01 (mL
3.2. Experimental results and analysis

3.2.1. Concentration factor

CO2 equilibrium adsorption capacity of molecular sieve has a
functional relationship with initial CO2 concentration at a

given temperature. Fig. 4 shows adsorption curves varying
with time t for the two molecular sieve materials when
CCO2

= 0.5% and CCO2
= 1.0% at 298 K, seperately. Some

results can be summarized from Fig. 4:
Manufacturer

Mettler Toledo

Ningbo Tianheng Instrument Factory

) Beijing BAIF-Maihak Analytical Instrument Co., Ltd

) ALICAT of America
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(1) It takes about 45 min to reach equilibrium for TC-5A

and the adsorption capacity is 0.019744 g/g (gas/adsor-
bent) when CCO2

= 0.5% and TTC-5A = 298 K. While

the TC-5A adsorption time decreases to 35 min when

CCO2
= 1.0%, and the adsorption capacity becomes

0.05274 g/g. In comparison, the PSA-5A adsorption
time is about 32 min when CCO2

= 1.0%, and its adsorp-

tion capacity reaches 0.05993 g/g.
(2) Both molecular sieve materials are largely affected by

the inlet CO2 concentration. Yet the adsorption capacity
of PSA-5A shows larger than the one of TC-5A.

(3) The adsorption capacity of two molecular sieves is
0.02–0.06 g/g when CCO2

= 0.5% to 1.0% at 298 K.

In our subsequent experiment, the adsorption capacity

of TC-5A is 0.055 g/g when CCO2
= 0.7% at 290 K.

Compared with the industrial adsorbent with the CO2 capa-

bility of 0.01–0.03 g/g with low concentration, the experimen-
tal results demonstrate that the TC-5A and PSA-5A have
superior CO2 uptake performance and are capable of satisfying

the adsorption requirements of the manned spacecraft at low
CO2 concentration and room temperature.

3.2.2. Temperature factor

Temperature is another key factor that impacts on the interac-
tion force of physical adsorption. We compare the CO2 uptake
curves of TC-5A and PSA-5A at 298 and 323 K, respectively,

when CCO2
= 0.75%, as shown in Fig. 5. When the feed air

temperature rises to 323 K, the CO2 uptake of TC-5A and
Fig. 5 Comparison of CO2 uptake curves between TC-5A and

PSA-5A at different temperatures.

Table 3 Different adsorption kinetic equations.

Kinetic equation Differential form

Pseudo-first order @qi
@t ¼ kfðq� � qiÞ

Elovich @qi
@t ¼ kee

�meqi

Pseudo-second order @qi
@t ¼ ksðq� � qiÞ2

Avrami @qi
@t ¼ knAA tnA�1ðq� � qiÞ

Fractional order @qi
@t ¼ ktm�1ðq� � qiÞn
PSA-5A inconceivably decreases by 80%. The adsorption
capacity of TC-5A decreases from 0.0453 to 0.0132 g/g and
PSA-5A decreases from 0.0373 to 0.0115 g/g. Their adsorption

time only sustains 20 min more or less. The curves in Fig. 5
also show that temperature rising can reduce the adsorption
capacity gap when both CO2 loading decreases badly.

3.3. Adsorption kinetics equation

It is necessary to establish one appropriate kinetic equation to

evaluate its adsorption capacity and comprehend the adsorp-
tion process. Many kinetic models have been represented to
describe the solid–liquid phase adsorption, but few models

depict the solid–gas process due to its complexity. Therefore,
in this section, some kinetic models will be discussed in order
to correctly reflect the solid–gas adsorption process for TC-
5A and PSA-5A. Five typical kinetic equations will be ana-

lyzed as listed in Table 3.

In Table 3, qi(t) and q� are the adsorption capacity at time t
and at the equilibrium absorption time, respectively. kf, ke, ks,
kA and k are the rate constants of the pseudo-first order,

Elovich, pseudo-second order, Avrami and Fractional
order, respectively. me denotes initial adsorption rate of
Elovich equation, and m the fractional order equation

constant. n and nA reflect the reaction of pseudo-order and
Fractional order with respect to a driving force, respectively.
According to the TGA experiment in Section 3.2, the kinetic

parameters of TC-5A and PSA-5A can be inferred as shown
in Table 4 when CCO2

= 0.75%.In order to predict the

accuracy of kinetic equations, the average absolute percentage
deviation E is adopted as shown in:

E ¼
PN

i¼1ðqexp;i � qsimÞ=qexp;i
N

� 100% ð1Þ

where qexp and qsim are the adsorption capacity in experimental
and simulation condition, respectively; N is the total number

of experiments.
The errors of adsorption kinetic equations are listed in

Table 5.

There exist obvious differences among these equations.
Some have remarkable high error, such as the pseudo-first
order, Elovich and the pseudo-second order equation. Their

E values in Table 5 are all over 10%. But for the Avrami’s
equation and the Fractional order kinetic equation, their max-
imum E value is lower than 5%. Furthermore, the Avrami’s
equation uses less number of kinetic parameters than the frac-

tional order equation, and it has distinctly lower error values.
Equation

qiðtÞ ¼ q� 1� e�kft
� �

qiðtÞ ¼ 2:3
me

lg tþ 1
keme

� �
þ lgðkemeÞ

h i
qiðtÞ ¼ q�t

1=ðksq�Þþt

qiðtÞ ¼ q�½1� exp ð�ktÞnA Þ�

qiðtÞ ¼ q� � 1
ðn�1Þk

m

� �
tm þ 1

q�

� �n�1
� �1=ðn�1Þ,



Table 4 Kinetic equation parameter values.

Parameter TC-5A (298 K) PSA-5A (323 K)

kf 0.0021 0.00247

ke 1.1892 � 10�5 1.2 � 10�6

me 262.0698 50.0064

ks 0.0588 0.612

kA 0.001 0.0015

nA 1.2 1.22

k 0.0001 0.0002

m 1.2045 1.5851

n 0.7461 1.1908

Table 5 Kinetic equation errors.

Kinetic equation E for TC-5A (%) E for PSA-5A (%)

Pseudo-first order 29.6666 25.3289

Elovich 12.9859 25.2348

Pseudo-second order 22.001 25.2810

Avrami 1.8625 3.9875

Fractional order 3.3494 7.2181

Fig. 7 Apparatuses photo of packed bed column experiment.
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Hence we suggest adopting the Avrami’s equation to describe
the adsorption process for TC-5A and PSA-5A.

4. Experimental study of CO2 adsorption in packed bed column

In the industrial researches, the experimental conditions

were usually kept at high initial CO2 concentration or high
temperature adsorption to verify the adsorbents’ perfor-
mance.8,13,15,17–20 Many of them even considered the effect of

trace contaminants or volatile organic compounds (VOC).
While in our aerospace investigation, we probably consider
the experimental condition at room temperature and low

CO2 concentration with water vapor.
In Section 3, the TGA experiments help us to understand

the single particles adsorption performance for TC-5A and
Fig. 6 Experimental flow diag
PSA-5A, and the adsorption performances in a packed bed
column still need to be verified. In this section, the packed
bed column experiment is set up. The experiments involve

the dry air and the moist air with different RH, the inlet
CO2 concentration is kept at less than 1.0% in volume at fixed
temperature, and the temperature effect is also considered in

dry air and moist air experiments.

4.1. Experimental setup

Fig. 6 shows the experimental flow diagram of CO2 adsorption
experiments in a packed bed column. A stainless steel column
(with 0.2 cm inner diameter and 20 cm packed height) is filled

with TC-5A or PSA-5A at atmospheric pressure. The flow rate
is 1.5 L/min controlled by the mass flow-meter. The pure N2 is
humidified by a moistener to realize different RH in feed air, as
well as the RH values at the entrance and exit port displayed

through the temperature and humidity recorder. The K-type
thermocouple is placed in the middle of inner bed to monitor
the material temperature when adsorbing, while the other

one measured the room temperature. The outlet CO2

concentration is obtained using the IRA, in front of which a
drying tube (filled with the silica gels) is installed to remove

water vapor. The packed bed column is equipped with the
direct-current power supply which is used for heating when
necessary. All the data in testing equipment is uploaded to
the computer and the apparatuses are shown in Fig. 7.
ram of packed bed column.
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4.2. CO2 adsorption performance analysis for drying air
4.2.1. Experiments at 298 K

In this section, we focus on investigating the impact of CO2

concentration in dry feed air on the adsorption performance

of TC-5A and PSA-5A at 298 K. The investigated CO2 con-
centrations include 0.5%, 0.75% and 1.0%. The experimental
results of CO2 outlet concentration are shown in Fig. 8. From
Fig. 8, we can draw the following conclusions:

(1) TC-5A breakthrough time decreases with increasing ini-
tial CO2 concentration. It takes about 20 min to break

when CCO2
= 0.5% and it decreases to 5 min when

CCO2
= 1.0%.

(2) PSA-5A breakthrough time is about 23 min when

CCO2
= 0.7%.

(3) The CO2 adsorption performance of PSA-5A is better
than the one of TC-5A under the same condition. The

reason might be that PSA-5A has a smaller diameter
particle and larger porosity than TC-5A, which benefits
the adsorption under the same condition.

4.2.2. Experiments at 323 K

In the following experiments, the adsorbent temperature is

controlled by the direct-current power supply. The CO2
Fig. 8 CO2 breakthrough curves for TC-5A and PSA-5A at

298 K.

Fig. 9 CO2 breakthrough curves for TC-5A and PSA-5A at

323 K.
breakthrough curves at 323 K are shown in Fig. 9 when
CCO2

= 0.7%.

From Fig. 9, CO2 penetrates the TC-5A bed column after

3 min and rises rapidly to the equilibrium at 323 K. The
adsorption time significantly reduced at 323 K compared to
the one at 298 K. Simultaneously, the adsorption time of

PSA-5A in packed bed column is also shortened from 25 min
at 298 K to 10 min at 323 K, but its adsorption capacity still
shows better than the one of TC-5A.

4.3. CO2 adsorption performance with different RH

The molecular sieve has stronger adsorption ability for water

vapor than CO2. In order to investigate the CO2 adsorption
performance under different RH conditions, we conduct the
following experiments.

4.3.1. Experiments at 298 K

In all these experiments, the absorption temperature is con-
trolled at 298 K.

For TC-5A, the experimental conditions are CCO2
= 0.7%,

and RH = 20%, 40% and 60%, respectively. While for
PSA-5A, the experimental conditions are CCO2

= 0.7%

and RH= 40%. The experimental results are shown in

Fig. 10.
In these experiments, water vapor data kept 0 all the exper-

imental time for the two molecular sieves, so the outlet RH is

not shown in Fig. 10. The experimental results reveal the fol-
lowing conclusions:

(1) We compare the experimental results of TC-5A and
PSA-5A in Figs. 8 and 10, and find that the CO2 break-
through time is shortened.

(2) Vapor has a tremendous influence on the CO2 adsorp-
tion especially when RH is beyond 20%.

(3) The CO2 concentration in Fig. 10 presents a fluctuation
phenomenon after the adsorption reaches its dynamic

equilibrium. This can be attributed to the exothermic
heat accumulation in fixed bed column that affects the
equilibrium adsorption characteristic.

4.3.2. Experiments at 323 K

We heated the temperature of the packed bed column to 323 K

and the other conditions are the same as Fig. 10. The new
experimental results are shown in Fig. 11. Fig. 11 indicates
that:
Fig. 10 CO2 breakthrough curves with different RH at 298 K.



Fig. 11 CO2 breakthrough curves with different RH at 323 K.
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(1) The CO2 breakthrough time of TC-5A at 323 K is

slightly shortened with the increasing RH compared to
the one at 298 K.

(2) It takes a longer adsorption time for PSA-5A than the
one of TC-5A, but the PSA-5A adsorption time at

323 K is still less than the one at 298 K.
(3) Although the RH is a key factor for CO2 adsorption, the

temperature cannot be neglected.

5. Mathematical model and dynamic analysis

Fixed bed is an important unit for the 4-BMS subsystem in a

manned spacecraft. For a fixed bed design, it is valuable to set
up a proper mathematical model to analyze its dynamic per-
formance. In this section, we will discuss this model and its

precision.
Some adsorption mathematical models in fixed-bed column

have been developed and most of them use the LDF equation
to approximately describe the gas–solid mass transfer mecha-

nism.1 In Section 3.3, we draw a conclusion that the Avrami’s
equation has more accurate than LDF equation. Therefore, we
will introduce a new model with Avrami’s equation.

In the following analysis, some principal assumptions are
used28,35:

(1) The adsorption process is isothermal and it can be
described by the Henry isotherm model.

(2) The velocity in the bed column is not changed by the

adsorbent and heat effect.
(3) There are no radial variations for temperature, pressure

and concentration in the solid and the gas phase.
(4) Heat and mass transfer is instantaneous and the plug

flow is assumed with no axial or radial dispersion.
(5) The gas phase follows the ideal gas law.

With these assumptions, the concentration change rate at
any axial position along the column is given by:

�Dzi

@2Ci

@z2
þ @

@z
ðuCiÞ þ @Ci

@t
þ 1� eb

eb
qp

@qi
@t

¼ 0 ð2Þ

where Dzi is axial diffusion coefficient, m2/s; Ci represents the

adsorbate concentration in the gas phase, kg/m3; u is the fluid
velocity, m/s; z is the distance along the packed bed length, m;
t is time, s; qi indicates the average adsorption of component i,
kg/m3.
Assuming that adsorbents are homogeneous spherical par-
ticles, the intra-particle mass transfer is described by the Fick
diffusion law as36:

@qi
@t

¼ De

@2Ci

@r2
þ 2

r
� @Ci

@r

� 	
¼ De

@

@r
r2
@Ci

@r

� 	� 	
ð3Þ

where De is effective diffusion in particles, m2/s; r the distances
along the radius of particles, m. The adsorption capacity, qi,
forms a link between the gas-phase and solid-phase mass bal-

ance equations. The effects of all the mechanisms can be
lumped into a single effective axial dispersion coefficient.
Because the Avrami’s equation has more accuracy than LDF

equation, we will use the Avrami’s equation to calculate the
average adsorption capacity.

@qi
@t

¼ knAt
n�1ðq� � qiÞ ð4Þ

The axial diffusion coefficient Dzi can be estimated using

the following correlation:

ebDzi

Dmi

¼ 20þ 0:5ScRe ð5Þ

where Dmi is the molecular diffusivity of component i, m2/s; Sc
and Re are the Schmidt and Reynolds number, respectively.

The molecular diffusion of component i is estimated by the

Chapman–Enskog equation under low partial pressure
conditions31,37,38:

Dmi ¼
0:001858T2 1

MA
þ 1

MB

� �1=2

Pd2ABXðe=KTÞ
ð6Þ

where dAB is diameter for molecular collision, m; MA and MB

are the molecular weight for two components, kg; P is the
atmospheric pressure, Pa; X the Lennard–Jones collision inte-

gral function and it is connected with the temperature ratio
e=KT; K the Boltzmann constant, J/K; e the potential energy
of molecular interaction; dAB and e=KT can be obtained in

Refs.38–40

The following initial conditions are imposed:

qijt¼0 ¼ 0;Cijz¼0 ¼ C0; t P 0

The boundary condition is

@Ci

@z






z¼L

¼ 0; t P 0

where L is the length of packed bed column. Eqs. (2)–(6)
form the gaseous mass transfer correlations in the adsorption

bed column. Here we name it as the new Avrami’s model.
These correlations contain the coupled partial differential

equations (PDEs) and can be solved by the finite difference

technique conveniently. The PDEs are discretized by the
first-order upwind or second-order differences in time and
spatial dimensions.

Different simulation cases will be designed based on the
experimental conditions of CCO2

= 0.7%. Two experiments

are used to inspect the accuracy of the established dynamic

models. Physical parameters of molecular sieve can be seen
in Table 4 in Section 3.3. The simulation conditions and the
related parameters are listed in Tables 6 and 7, respectively.
In Table 7, Rp is the mean radius for molecular sieve particles,

D is the diameter of packed bed column.



Table 7 Parameters in different simulation cases.

Case Dzi

(10�6 m2/s)

Dmi

(10�8 m2/s)

Rp

(mm)

L

(m)

D

(m)

u

(m/s)

1-1 1.250 1.07 1.000 0.045 0.02 0.08

1-2 0.963 1.07 1.000 0.045 0.02 0.08

2-1 1.590 1.13 0.375 0.035 0.02 0.08

2-2 1.590 1.13 0.375 0.035 0.02 0.08

Table 6 Operating and simulation conditions in fixed bed

adsorption experiments.

No. T (K) Case Model Adsorbent

1 298 1-1 LDF TC-5A

1 298 1-2 Avrami TC-5A

2 323 2-1 LDF PSA-5A

2 323 2-2 Avrami PSA-5A
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(1) Simulation comparison for Experiment 1.

The simulation curves are obtained using the classic LDF

model and the new Avrami’s model, respectively. Fig. 12 gives
the CO2 concentration breakthrough curves for TC-5A. The
Fig. 12 Comparison results of Experiment 1 (CCO2
= 0.7%,

298 K).

Fig. 13 Comparison results of Experiment 2 (CCO2
= 0.7%,

323 K).
simulation result of the new Avrami’s model in Fig. 12 is
relatively closer to the experimental results than the LDF
model.

(2) Simulation comparison for Experiment 2.

The simulation results are compared for PSA-5A as shown
in Fig. 13. The simulating curves of PSA-5A are in accordance
with the most experimental data at 323 K. The simulation

error of the classic LDF is larger than the one of the Avrami’s
model.
6. Conclusions

Two kinds of molecular sieve materials, TC-5A and PSA-5A,
were produced and tested. The TGA experiments and the

packed bed column experiments were established to test the
adsorbing performance under different conditions. The exper-
imental conditions are determined according to the studied
confined space, thus the room temperature, low CO2 concen-

tration and different RHs with 20% to 60% are used in our
study. Besides, the kinetic equation for TC-5A and PSA-5A
is analyzed carefully according to the experimental results.

We compare the accuracy of different mass transfer dynamic
models and replace the LDF model with the new Avrami’s
model. Results are as follows.

(1) According to the TGA experiments and the packed bed
column experiments, the results demonstrate the good
adsorption performance at low CO2 concentration and

room temperature, which is obviously different from
the industrial adsorbents.

(2) The impact of concentration changes on adsorption is

obvious when CCO2
6 1.0% in volume. From the TGA

experimental results, the concentration increases from
0.5% to 1.0%, and the corresponding CO2 loading in

adsorbents will be doubled. Furthermore, the relation-
ship of the equilibrium adsorption and the initial CO2

concentration basically follows the Henry’s law when

temperature is given. Nevertheless, the adsorption
capacity will be decreased by 80% approximately
when the adsorption temperature reaches 323 K. The
verified reasonable adsorbing temperature range is

283–303 K.
(3) Five kinetic equations are discussed. Compared to the

experimental data, the Avrami’s equation is the best fit

by calculating the average absolute percentage deviation
and it can reflect the complicated mechanism for TC-5A
and PSA-5A particles.

(4) The packed bed column adsorption experiments also
demonstrate that the concentration and temperature of
feed air strongly influence the equilibrium adsorption.

In addition, the adsorption capacity value decreases to
3.64% compared to the one in TGA experiment.

(5) Water vapor experiments in the packed bed show that
the materials belong to the hydrotropic substance and

have powerful capability of H2O adsorption due to the
strong polar. CO2 adsorption will be greatly affected if
the water vapor exists in air, and the influence of water

vapor on the CO2 adsorption performance cannot be
neglected.
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(6) The adsorption process of TC-5A and PSA-5A in

packed bed column can be predicted by the established
dynamic models. The improved model, named the new
Avrami’s model, is considered based on the Avrami’s

equation. Results reveal that both models can predict
the mass transfer process for TC-5A and PSA-5A, but
the new Avrami’s model has more accuracy than the
classic LDF model.

(7) The experiments and simulation studied in this paper is
helpful for the 4-BMS subsystem design and can provide
some technical support for the development of manned

spaceflight in China.
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